A systematic density functional theory (DFT) +U study is conducted to investigate the electron correlation and spin-orbit coupling (SOC) effects in US 3 and USe 3 . Our calculations reveal that inclusion of the U term is essential to get energy band gaps for them, indicating the strong correlation effects for uranium 5f electrons. Taking consideration of the SOC effect results in small reduction on the electronic band gaps of US 3 and USe 3 , but largely changes the energy band shapes around the Fermi energy. As a result, US 3 has a direct band gap while USe 3 has an indirect one.
I. INTRODUCTION
and PuO 2 [10] [11] [12] 20 . The obtained structural parameters as well as the electronic structure and phonon dispersion curves 14, 30 accord well with experiments. In our present work, the GGA+U schemes due to are employed to study the electron correlation and spin-orbit coupling effects in US 3 and USe 3 , as well as the two materials' electronic, mechanical, and Raman properties.
The rest of the paper is organized as follows. In Sec. II the computational method is briefly described. In Sec. III we present the results of the physical properties of US 3 and USe 3 , and discuss the electron correlation and SOC effects of the uranium 5f electrons.
Finally in Sec. IV, we close our paper with a summary of our main results.
II. CALCULATION METHOD
Our total-energy calculations are carried out by employing the plane-wave basis pseudopotential method as implemented in Vienna ab initio simulation package (VASP) 37 . The exchange and correlation effects are described with the GGA approximation in the Perdew-Burke-Ernzerhof (PBE) form 38, 39 . The projected augmented wave (PAW) method of Blöchl 40 is employed with the frozen-core approximation. Electron wave function is expanded in plane waves up to a cutoff energy of 400 eV and all atoms are fully relaxed until the Hellmann-Feynman forces on them are less than 0.01 eV/Å. A 7×9×1 Monkhorst-Pack 41 k-point mesh is employed for integration over the Brillouin zone of US 3 and USe 3 . The uranium 6s 2 6p 6 5f 3 6d 1 7s 2 , sulphur 3s 2 3p 6 , and selenium 4s 2 4p 6 electrons are treated as valence electrons. Noncollinear calculations are used when considering the spin-orbital coupling effects.
The strong on-site Coulomb repulsions among the localized uranium 5f electrons are described by using the formalism formulated by . In this scheme, the total GGA energy functional is of the form
where ρ σ is the density matrix of f states with spin σ, while U and J are the spherically averaged screened Coulomb energy and the exchange energy, respectively.
In this paper, the Coulomb U is treated as a variable, while the exchange energy is set to be a constant J=0.51 eV. This value of J is in the ball park of the commonly accepted one for uranium compounds 23 and close to the theoretically predicted value of 0.54 eV in UO 2 42 . Since only the difference between U and J is significant, we will henceforth label them as one single parameter U eff =U-J, while keeping in mind that the nonzero J has been used during calculations.
The phonon frequencies at the Gamma point for US 3 and USe 3 are calculated by using the density functional perturbation theory (DFPT). And their Raman-active frequencies are obtained through symmetry analysis on the corresponding vibration modes. Before DFPT calculations, the lattice constants and atomic positions of US 3 and USe 3 are further optimized using a denser k-point mesh of 9×13×3, and a finer force convergence criteria of 0.001 eV/Å. A 2×2×1 supercell is subsequently used for DFPT calculations. Since both US 3 and USe 3 are stacked along the c direction through van der Waals interactions, and with relatively large lattice constants, we do not extend the supercell along the c direction.
During DFPT calculations on the 2×2×1 supercell, the k-point mesh is set to be 5×7×5, and the energy convergence criteria is set to be 1e-6 eV.
III. RESULTS AND DISCUSSION
Experimentally, the magnetic orderings of uranium trichalcogenides were studied ever since 1961 31, [43] [44] [45] [46] . The relatively large atomic distances between neighboring U atoms in US 3 and USe 3 suggest that magnetic orderings may occur in these compounds through super-exchange interactions of uranium 5f electrons via the S or Se ions 31 . And different measurements indicate that both US 3 and USe 3 crystals undergo AFM transitions at very low temperatures, with the magnetic moments of the two uranium atoms within each unit cell opposite to each other 31, 45, 46 . In the present GGA+U study, we consider the nonmagnetic (NM), ferromagnetic (FM), and antiferromagnetic (AFM) phases for each choice of the U eff value and then determine the lowest-energy state by a subsequent total-energy comparison of these three phases. Our calculated electronic energies for different magnetic phases of US 3
and USe 3 are all listed in Table I . One can see that within GGA formalism or the GGA+U formalism with a too small U eff value, the FM state is more stable for both US 3 and USe 3 , in contradiction with experimental results. Therefore, the electron correlation effect has to be accounted for to correctly describe ground-state US 3 and USe 3 . In the discussions that follow, we will confine our reports to the AFM solutions for US 3 and USe 3 . From the band structures of US 3 shown in Fig. 5(a) , we can see that both the lowest unoccupied conduction and highest occupied valence bands distribute along the Γ-Z direction. Overall the band gap of USe 3 changes from 1.30 to be 1.23 eV after considering the SOC effect. Our studies reveal that the energy band gap of USe 3 is smaller than that of US 3 .
After systematically presenting the electronic structure results for US 3 and USe 3 , we now turn to their mechanical properties. The elastic constants are obtained by solving the eigenvalues of their Hessian matrix, which is calculated based on the Hooke's law and small position changes on independent S, Se and U atoms. The obtained elastic constants of US 3
and USe 3 in different calculations by using the GGA and GGA+U methods are both listed in Table III . We can see that the elastic constants calculated by using the GGA formalism for US 3 and USe 3 do not satisfy the stability criteria 52, 53 for monoclinic structures that the C 11 , indicating that the S-S interaction is stronger than Se-Se. When comparing all the Raman frequencies, there seems to be a frequency shift of about 25∼35 cm −1 between our GGA+U and the experimental results.
IV. CONCLUSION
By using the GGA and GGA+U methods, we have systematically studied the electronic, mechanical, and Raman properties of US 3 and USe 3 , aiming to reveal the underlying electron correlation and SOC effects. By comparing the calculated lattice constants of US 3 and USe 3 with corresponding experimental results, and monitoring their electronic structures with different U eff parameters, we conclude that a U eff value of 6 eV is needed to get reasonable lattice constants, and the right insulating properties for both US 3 and USe 3 . After considering SOC effects, the deep U-6p band will be split into two separate energy bands in both US 3 and USe 3 . The SOC effects also changes the energy band shapes around the 2 (Color online) . The local density of states (LDOS) for the S1, S3, and U atoms in US 3 (a) and Se1, Se2, and U atoms in USe 3 (b) by using the GGA and GGA+U methods with U eff ranging from 1 to 6 eV. The S1 (Se1) and S3 (Se3) atoms correspond to X1 and X3 atoms depicted in Fig. 1(a) . The Fermi energies are denoted by dashed lines. states of S1 and S3 atoms, and 5f , 6p electronic states of the U atom in US 3 . (e)-(h) The PDOS for the 4p electronic states of Se1 and Se3 atoms, and 5f , 6p electronic states of the U atom in USe 3 . The S1 (Se1) and S3 (Se3) atoms correspond to X1 and X3 atoms depicted in Fig. 1(a) . The Fermi energies are denoted by dashed lines. The values of U eff are chosen to be 6 eV in all GGA+U and GGA+U+SOC calculations. 
